We propose a scheme for realizing the continuously tunable spectrum based on monatomic carbon chains. By hybrid density functional calculations, we first show that the direct band gap of monatomic carbon chains change continuously from 1.58 to 3.8 eV as strain is applied from -5 to 10% to the chain, with separated Van Hove singularity peaks enhanced. To realize this tunability, a realistic stretching device is proposed by contacting the chain with graphene sheets, which can apply up to 9% elongation to the chain, yielding tunable light-emitting wavelengths from 345 to 561 nm.
I. INTRODUCTION
The wavelength tunability and electro-optical conversion efficiency are the most important parameters for opto-electronic devices such as lasers and light emitting diodes (LEDs).
During the last decade, the development of semiconductor lasers has greatly improved the electro-optical conversion efficiency up to more than 10% and even reached 50% [1] ; meanwhile, the range of wavelength has been largely extended to cover from 350 to nearly 2000 nm with different working mediums and partially tunable laser around certain wavelengths were also realized [1, 2] . Nevertheless, the output wavelength is still far from continuously tunable in the spectra range as intervals of tens of nanometers exist between different bands [2] , which limits their applications to accurate spectroscopy and high sensitive detectors [2, 3] .
Recently, carbon nanotubes(CNTs) have been suggested as promising working mediums for nanoscale tunable lasers and LEDs. Because CNTs own direct band gaps and quasi one-dimensional(1D) structures, which lead to the diverging density of states(DOS) near the band edges, known as Van Hove singularities(VHSs) [4] , and were expected to produce strong light emissions with very narrow bands and wide wavelength tunability, which have been recently confirmed by intensive experiments [5] [6] [7] [8] [9] [10] [11] . Compared with CNTs, monatomic carbon chains(MCCs) can be more fascinating candidates in principle, because they have true 1D structures, and are expected to exhibit uniquely featured VHS peaks along with better tunability. The structure of infinite long MCCs feature the bond length alternation(BLA) known as Peierls distortion(PD)[ Fig. 1(a) ], which opens a direct band gap in MCCs. This gap was predicted to be about 0.3 eV and can be continuously tuned to 1.5 eV as the chain is elongated by up to 10% according to density functional theory(DFT) calculations with General Gradient Approximation(GGA)used [12, 13] . Based on this result, a tunable laser based on MCCs has been theoretically proposed [13] .
Recent progresses in synthesis and characterization of MCCs provide valuable data to test the above theoretical predictions. Stable and rigid MCCs with a length of 2.1 nm(about 16 atoms) were observed inside a transmission electron microscope [14] , and a series of polyyne, end capped monoatomic carbon chain with up to 44 atoms have been fabricated and characterized [15] [16] [17] . By measuring the dependence of properties of these polyynes on the chain length, it is predicted that chains with more than 48 atoms should exhibit the converged properties for the infinite length [17] , and the converged values for BLA δ
and L 2 are the long and short C-C bond length) and the band gap E g are 0.135Å [16] and 2.2 eV [15] (or 2.56 eV [17] ). However, the predictions of the GGA-DFT are only 0.04Å and 0.3 eV [12, 13] , which are far smaller than the experimental estimations.
We note that such severe underestimations have also been found in the conjugated polymers as localized density approximation(LDA) and GGA-DFT are used. A typical example is trans-polyacetylene(t-PA), where the calculated δ and E g by GGA-DFT are 70% and 90% smaller than the well measured values [18] . Thus, to make device designs for MCCs, their structural and electronic properties along with the tunability should be reevaluated by a more reasonable method.
Considering that the hybrid density functional can well predict the properties of conjugated polymers [18] , we employed the Heyd-Scuseria-Ernzerhof hybrid density functional(HSE06) [19, 20] in this work to investigate the structural and electronic properties of the infinite long MCC. As the tunability of electronic structure is the focus of the present work, we think the infinite long model will reflect the main features of finite long chains; On a realistic aspect, chains with more than 48 atoms are estimated to behave as the infinite long model, which are not very far from the currently fabricated chains [20] . The empirical parameter in HSE06 was firstly optimized to fit the experimentally obtained δ and E g of t-PA. Because the quasi-chain structure of t-PA is very similar to that of MCCs, the optimized hybrid functional is expected to reproduce the experimental values of δ and E g for MCCs. Then this functional was used to evaluate the properties of stretched MCCs.
II. CALCULATION METHODS
The HSE06 hybrid functional in our DFT calculation reads [19, 20] :
where the short ranged Hatree-Fock(HF) exchange energy E HF,SR x is combined with the short ranged Perdew-Burke-Ernzerhof (PBE)-GGA exchange energy E P BE,SR x by a parameter x, plus the long ranged PBE-GGA exchange energy E P BE,LR x and the PBE-GGA correlation energy E P BE c . The projector augmented wave(PAW) potentials and plane wave basis sets were employed in the calculations implemented by Vienna Ab-initio Simulation Package [21] .
Considering the BLA featured structures, the unit cell of MCCs is set to contain two carbon 3 atoms [ Fig. 1(a) ], and the t-PA cell contains two carbon and two hydrogen atoms [ Fig. 1(b)]. For both structure relaxation and band structure calculations, a 40 × 1 × 1 k point grid was found to reach the convergence and was used for all these calculations. The maximum Hellmann-Feynman forces acting on each atom is less than 0.01 eV/Å for structure relaxation.
III. RESULTS AND DISCUSSION

A. The structural and electronic properties of MCCs
To optimize the parameter x in Eq. (1), the structure and the band gap of t-PA were calculated with x changing from 0 to 0.5. As shown in Fig. 2 , both δ and E g increase monotonically with x increasing. The optimized value x 0 = 0.42 was obtained by fitting the experimentally value of E g 1.48 eV [22] , and then the corresponding δ obtained in Fig. 2(b) is 0.069Å, very close to the experimental values 0.08Å [18, 23] , and the C-C bond length 1.419 and 1.351Å are also close to the experimental estimations 1.44∼1.46 and 1.36∼1.39
A [18, 23] . It is notable that the calculated δ and E g by the standard PBE-GGA DFT (x = 0) are 0.013Å and 0.12 eV, one order of magnitude smaller than that experimentally measured.
We then applied different x (0∼0.5) to the calculations of MCCs, and found a similar increasing of δ and E g with x to that of t-PA [ Fig. 2] . As x 0 optimized from t-PA was used, the bond length of MCCs were calculated as 1.332 and 1.219Å, and the corresponding δ and E g are 0.113Å and 2.21 eV. These value matches quite well with the experimental extrapolated δ and E g for the infinite long MCC, 0.135Å [16] and 2.2 eV [15] (or recently corrected to 2.56 eV [17] ), suggesting that the HSE06 hybrid functional with x 0 is capable of describing the main structural and electronic properties of MCCs at equilibrium. Moreover, as this parameter accurately describes two different linear carbon systems(t-PA and MCCs) at equilibrium, we expect it can give reasonable predictions as MCCs are stretched (in calculation below). Compared with the E g of t-PA (1.48 eV), the MCC own a much larger band gap, implying that it should own much stronger PD than t-PA. To show this fact exactly, the reduced BLA δ
) for these two structures were evaluated, and the δ ′ of the MCC (4.4%)is indeed larger than that 2.5% of t-PA. With the optimized functional applied, the calculated band structure of the MCC features a direct band gap [ Fig. 3(a) ]. The valence and the conduction bands are two-fold degenerated, which are formed by the two unbonded p orbitals of carbon atoms in this sp bonded chain. This feature should account the stronger PD in the MCC, as there is no degeneracy in the bands of t-PA. As seen in Fig. 3(c) , the DOS of the MCC features sharp peaks located at the band edges (exactly at the VHSs),whcih are resulted from the 1D chain structures. The existence of these peaks implies that MCCs can produce strong light emissions with narrow bands because the quantum transition rate is proportional to the number of the electronic states. This implication is supported by CNTs, as they own similar VHS-peak structures [ Fig. 3(c) ] and the strong light emissions with quite narrow bands have indeed been observed by extensive experiments [5] [6] [7] [8] [9] [10] [11] . Notably, the VHS peaks in the MCC are much more separated from each other compared with those of CNTs, as the distance between the first and second VHS peaks above the Fermi level is about 3 eV [ Fig. 3(b) ], which is much larger than that of CNTs, such as less than 0.5 eV for (10,0) tubes[ Fig. 3(c) ], indicating that much stronger and purer spectral light emissions would be the non-radiative channels should be fewer in MCCs and the electro-optical efficiency could be high.
B. Tuning the properties of MCCs by stretching them
To study the property of the stretched MCCs, we first investigated their mechanical properties using the optimized HSE06 hybrid functional x 0 (0.42), and the PBE-GGA DFT was also used for comparison. The strain-stress curve [ Fig. 4(a) ] suggests that these two methods yield very similar mechanical behaviors for the MCC, particularly in the elastic area (within -5%∼10% elongation as denoted in Fig. 4(a) ), and the calculated 1D elastic modulus C 1D is 81 eV/Å for GGA and 90 eV/Å for HSE06 (The 1D elastic modulus is defined as C 1D = ∂F/∂ε and was extracted from the linear region of Fig. 4(a) , where F is the applied force and ε is the corresponding strain). effect on the mechanical property of MCCs, and the GGA-DFT calculations are sufficient to make a reasonable description. We note that our calculated breaking force matches perfectly the experimental result of 11.2 nN [24] , and the ultimate strain is also consistent with other calculations [25, 26] .
Within the elastic area, the structures and the electronic properties of the stretched MCCs were calculated with the optimized hybrid functional. As the strain is continuously increased from -5% to 10% [ Fig. 4(b) ], δ and E g increase from 0.068 to 0.27Å and from 1.58 to 3.86 eV, respectively, and the direct gap feature keeps within all this elastic area. Since the bottom (top) of the conduction (valence) bands is pushed up (down) as the chain is stretched, as shown in Fig. 3(a) , the slopes of these bands gets much gentler near the Fermi level, which makes the VHS peaks become much sharper [ Fig. 3(b) ]. This indicates stronger and narrower-band light emissions can be expected via the elongated MCCs. The reduced BLA increases from 2.8% to 9.7% as the chain is continuously stretched from -5% to 10% elongation, indicating that PD is enhanced by increasing elastic strain, and this explains the band gap widening. Compared with bulk semiconductors, where the band gap tunability is quite limited because of poor ductility (<1%), the tunability of the band gaps in MCCs (1.58∼3.86 eV) is much significant, making them potentially good mediums for wavelength tunable light emitting devices.
C. A realistic device proposed to stretch MCCs
To realize the above gap tuning process of MCCs, we considered a realistic stretching device by contacting a 10 atom-long chain with two large graphene pads [ Fig. 5 ], which has indeed been experimentally realized [14] , and by stretching the two graphene pads, the chain can be continuously elongated. To find the maximum strain that this device can apply on the chain, we performed a GGA-DFT calculation using the model in Fig. 5 . Periodical boundary conditions were applied on x−y plane to simulate that the chain is contacted with two infinite large graphene pads. To stretch the device, the box size is gradually enlarged in the x direction up to 15% elongation, and at each elongation point the whole device structure was optimized. When the device was initially stretched, both the graphene pads and the chain are elongated. But as stretching continues, graphene becomes hard to be elongated, and the strain is mainly applied on the chain and the contact between the chain and the graphene pads (bond 3 denoted in Fig. 5 ). We found that more than 9% elongation will break this device with a breaking force of 5.8 nN, and the breaking point is at the contacting point. From a bond length analysis (seeing the inset of Fig. 5 ), we can see that the contact bond (bond 3) is indeed the weakest point of the device. At the ultimate strain of the device, the chain is found to be elongated by 9.1%. It is notable that although the value 9.1% is obtained from a 10 atom-long chain, it is a reasonable estimation for even longer chains. Because calculations have shown that both the breaking force and ultimate strain barely change with the chain length increasing [26] , and our calculations indicates the contact bond length is also insensitive to the chain length. Corresponding to 0∼9% strain, the gap of MCCs can be tuned from 2.21 to 3.59 eV in this device.
For applications, the graphene pads at the two sides are natural electrodes, so the system above can be prototypes of wavelength tunable opto-electronic devices. And the working wavelength can be continuously tuned by stretching the large graphene pads with controlled
force. This proposed device may be realized under current experimental conditions as the graphene-MCC contacting structure has been fabricated, and the stretching process is also experimentally possible, but a precise force control is needed. From this device, we showed recently that via doping the MCC, it can work as a lasers by applying bias on the graphene electrodes [13] . Considering newly presented results, the wavelength of this laser may be continuously tuned from 345 to 561 nm.
IV. CONCLUSION
In summary, we calculated the structural and electronic properties of the infinite long
MCCs by the hybrid functional HSE06 with the optimized empirical parameter x 0 from t-PA. The results obtained at the equilibrium chain length agrees well with the experimental measurements. By applying elastic strains from -5% to 10% to the chain, its band gap can be changed from 1.58 to 3.8 eV, with the VHS peaks enhanced gradually. To realize this tunability, we considered a realistic graphene-MCC device, and found up to 9% strain on
MCCs can be applied through this device. These results imply the potential applications of MCCs for future nanoscale lasers and other opto-electronic devices with tunable wavelength in the visible region.
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